The soybean cyst nematode (SCN) Heterodera glycines is the most devastating pest of soybean in the U.S.A. The resistance response elicited by SCN in soybean is complex, and genes involved in the response to a large extent are unknown and not well characterized. We constructed cDNA libraries made from mRNA extracted from roots of the resistant soybean Glycine max L. Merr. 'Peking' at 12 h, 2 to 4 days, and 6 to 8 days post inoculation with the soybean cyst nematode, population NL1-RHp, similar to race 3. Expressed sequence tag analysis of the libraries provides rapid discovery of genes involved in the response of soybean to the nematode. A total of 3454 cDNA clones were examined from the three libraries, of which 25 cDNAs were derived from nematode RNA. The levels of certain stress-induced genes such as SAM22 and glutathione S-transferase (GST8) were elevated in the SCN-infected roots relative to uninoculated roots. Early defense response genes, particularly ascorbate peroxidase and lipoxygenase, were abundant in the 12-h library. By 6-8 days, the expression of most of those genes was not as abundant, whereas genes coding for unknown proteins and stress-induced proteins continued to be highly expressed. These ESTs and associated information will be useful to scientists examining gene and protein interactions between nematodes and plants.
Introduction
The soybean cyst nematode (SCN; Heterodera glycines Ichinohe) is the major pest of soybean and is responsible for an estimated loss of over USD 1 000 000 000 per year in the U.S.A. (Wrather 2001) . The nematode penetrates susceptible and resistant varieties to the same extent, but resistant varieties prevent most of the attacking females from reaching maturity and producing viable eggs. Microscopic analyses indicate initial syncytial cells enlarge during the early stages of nematode infection from 18 h through 4 days (Endo 1965; Mahalingam and Skorupska 1996) . From 18 h through the first 2-3 days, smooth and rough endoplasmic reticulum increase and cell walls dissolve in syncytia of resistant and susceptible soybean cultivars (Endo 1964 (Endo , 1965 (Endo , 1991 Kim et al. 1987; Mahalingam and Skorupska 1996) . However, at five through nine days after inoculation, the response of resistant and susceptible soybean cultivars are different. The syncytia continue to develop and expand in susceptible soybean roots, but resistant soybean roots show extensive cell wall depositions; the cells are almost devoid of organelles, and there is syncytium degeneration and cell necrosis.
The magnitude and complexity of the changes during syncytium formation and development suggest that a number of genes are involved. For example, investigators have identified several genes that respond to nematode invasion, including extensin (Van der Eycken et al. 1996) , catalase (Niebel et al. 1995; Vaghchhipawala et al. 2001) , cyclin (Niebel et al. 1996; Vaghchhipawala et al. 2001) , endo-1,3-β-glucanase (E.C. No. 3.2.1.6) (Vaghchhipawala et al. 2001) , aldolase, and GTP-binding protein (Hermsmeier et al. 1998) . The complexity of this system suggests that there are even more genes involved in the plant response to nematode infection.
Expressed sequence tags (ESTs) have been used to obtain a measurement of gene expression in plant and animal tissues, to identify low-abundance and novel genes, and to discover gene family members. For example, ESTs were analyzed from wheat spikes infected with Fusarium graminearum to identify genes expressed during invasion (Kruger et al. 2002) , while several cDNA libraries were used to study correlated patterns of gene expression among different tissues using rice ESTs (Ewing et al. 1999) . EST analysis has been used to understand plant responses during parasitic and symbiotic interactions. PR genes and type I metallothionein were found to be highly expressed in rice upon infection with Magnaporthe grisea (Kim et al. 2001) . Sequence analysis of over 2000 ESTs from the roots of Lotus japonicus infected with Mesorhizobium loti (Poulsen and Podenphant 2002) led to the identification of plant genes involved in the development of nitrogen-fixing root nodules. Analysis of EST databases to determine gene expression levels and identify novel genes is common in humans and other animals as well. The human EST database is very large and has been used extensively for genomic research (for reviews see Yuan et al. 2001; Dempsey et al. 2000; Rezvani et al. 2000) and numerous gene expression measurements using ESTs are reported for different tissues and stages of Ciona intestinalis development Inaba et al. 2002; Satou et al. 2002) . Shoemaker et al. (2002) compiled more than 120 000 soybean EST sequences from over 50 cDNA libraries as a mechanism for gene discovery. They did a comprehensive analysis of gene sequences and assembled them based upon similar expression pattern and functions. However, none of the libraries reported in that study were derived from soybean roots infected with SCN.
In this paper, we use EST sequence analysis as a tool for gene discovery and for measuring gene expression, examining cDNA libraries made from RNA isolated from roots of the SCN resistant soybean Glycine max L. Merr. 'Peking' at 12 h, 2-4 days, and 6-8 days after inoculation to gain insight into the interaction between soybean and soybean cyst nematode. We also compare ESTs from inoculated soybean roots with the ESTs from uninoculated roots to identify changes that may be a result of nematode infection.
Materials and methods

Plant and nematode materials and RNA isolation
The SCN population NL1-RHp was collected on the eastern shore of Maryland by Robin Huettel and interacts with soybean differentials in the manner of race 3. The population has been maintained for many years in sterile culture by Dr. David Chitwood, Nematology Lab, USDA, Beltsville, Md., and can be obtained from the SCN Stock Center (Terri Niblack, University of Illinois, Champaign-Urbana, Ill.). Seeds from 'Peking', resistant to SCN NL1-RHp, were surface sterilized by soaking for 3 min in 95% v/v ethanol, then 10% v/v sodium hypochlorite for 10 min in a laminar flow hood. Seeds were germinated at room temperature for 3 days in the dark on water agar plates Eggs from SCN NL1-RHp females were incubated in sterile water on a rotary shaker at 25 rpm at room temperature to promote hatching. After two days, the juveniles were collected and concentrated by centrifugation at 500 g for 3 min in 15-mL sterile disposable conical tubes. Using a method similar to Hermsmeier et al. (2000) , 20 radicals were excised and placed in a pinwheel formation with the root tips pointing inward on a circle of sterile Whatman 3mm paper on top of B5 media in petri dishes. The set of 20 roots was inoculated with 3000 juveniles in sterile water. Roots from one plant were stained with acid fuchsin to monitor nematode invasion (Byrd et al. 1983) . At 12 h, 2, 4, 6, and 8 days after SCN inoculation, the roots were frozen and ground to a fine powder using mortar and pestle chilled in liquid nitrogen. Total RNA was extracted using the method of Mujer et al. (1996) . The yield was typically 300 µg of total RNA/g of wet tissue.
cDNA clones and EST sequencing
cDNA libraries were constructed from root tissues at various times after inoculation with SCN, as indicated below.
The 12-h library was prepared by directionally cloning the cDNA fragments into the Uni-ZAP XR vector, according to the manufacturer's instructions (Stratagene, La Jolla, Calif.). The 2-to 4-day and 6-to 8-day libraries were constructed from pooled RNA isolated from roots harvested at 2 and 4 days post inoculation and 6 and 8 days after SCN inoculation, respectively, using the SMART™ library construction kit from Clontech (Palo Alto, Calif.). A total of 940, 1540, and 1000 clones were one-pass sequenced from the cDNA library representing soybean root transcripts 12 h, 2-4 days, and 6-8 days after SCN inoculation, respectively. Each clone was sequenced once with a vector primer at the 5′-end of the insert, and the sequence detected on an ABI Prism 3100 sequencer. Nucleotide sequences and predicted amino acid sequences were compared against those in GenBank, EMBL, and SwissProt databases using BLAST tools (Altschul et al. 1997) . The EST database is housed at the Soybean Genome Microarray Database (SGMD; http://psi081. ba.ars.usda.gov/SGMD/default.htm).
The insert from each clone was amplified by polymerase chain reaction (PCR) in a 96-well microtiter plate in a PTC 225 thermocycler (MJ Research, Waltham, Mass.) using T3/T7 universal primers for the 12-h library and 1433f (5′-TCTCGGGAAGCGCGCCATTGTGTT-3′) and 1434r (5′-GAATTGGCCAAGTGAGCTCGAATTGCG-3′) complementary to pTriplEx2 vector for the 2-to 4-day and 6-to 8-day libraries in a 100-µL reaction similar to the protocol of Hegde et al. (2000) with slight modification. Excess primers and unincorporated nucleotides were removed by ethanol precipitation in the presence of 2 M ammonium acetate. The amplified product from each clone was checked on a 1% agarose in 1× TBE gel for the presence of a single band, and the size was estimated using low-molecular-weight markers (Invitrogen, Carlsbad, Calif.) .
EST data analysis
A relational database, the SGMD, was developed to store the ESTs. SGMD stores all relevant information regarding the ESTs, including paired blast results from GenBank, and provides links to PubMed (http://www.ncbi.nlm.nih.gov/ entrez/query.fcgi?db=PubMed), allowing further investigation of the biological literature related to each of the ESTs. SQL queries were developed to analyze the ESTs in the database. The queries probe specific tables in the database to count the number of ESTs in each library and find unique functional categories and gene families. Results of these queries are provided online and can be accessed via the above-mentioned link.
Results
Sequencing and analysis of cDNA libraries
Roots of soybean were inoculated with SCN and infection was monitored by light microscopy upon harvest at different times. Light micrographs of two of those times Genome Vol. 47, 2004
Fig. 2.
Percentage of ESTs that were identified by BLASTx searches at specific E values. Sequences of ESTs from the 12-h, 2-to 4-day, and 6-to 8-day cDNA root libraries were searched against the nonredundant protein database in GenBank using the BLASTx algorithm. Based upon the sequence match probability, the number of clones in each library relative to the total number of clones sequenced from that library (percent clones) with E < 10 -5 was divided into 3 groups. A sequence match probability of <10 -20 was considered to be of high significance, between 10 -10 and 10 -20 of medium significance, and between 10 -5 and 10 -10 of low significance. A sequence match with a probability threshold of >10 -5 was considered null or with unknown function.
post-infection are shown ( Fig. 1) . At 12 h after infection, the nematodes have penetrated the root and are migrating toward the vascular tissue. At 6-8 days after infection, many of the nematodes have finished migrating and are beginning to feed.
Clones from each cDNA library were single-pass sequenced at the 5′ end and analyzed. Comparison of 940 clones with an average insert size of 1269 bp from the cDNA library representing RNA 12 h after infection indicated that 4.3% (40 ESTs) of the clones were moderately similar (10 -5 > E value > 10 -10 ), 7.6% (71 ESTs) were highly similar (10 -10 > E value > 10 -20 ), and 67.6% (635 ESTs) were extremely similar (10 -20 > E value) (Fig. 2) , with 20.6% (194 ESTs) having little or no similarity to sequences in GenBank. The clone sequences also were compared to those in the SCN database, but did not have significant similarity.
Analysis of 1514 clones with an average insert size of 1076 bp from the cDNA library prepared from pooled RNA isolated from two and four days post-SCN infected roots indicated that 5.4% (81 ESTs) of the clones were moderately similar (10 -5 > E value > 10 -10 ), 10.8% (163 ESTs) were highly similar (10 -10 > E value > 10 -20 ), and 44.6% (676 ESTs) were extremely similar (10 -20 > E value) (Fig. 2) , with 39.2% (594 ESTs) having little or no similarity to sequences in GenBank. The search of our ESTs against the sequences in the SCN database identified three clones that were definitely of SCN origin. Two of these encoded ribosomal RNAs and the third encoded calponin-like protein. There were another 20 clones that did not have similarity to sequences in any EST database in the GenBank, and so potentially could be of SCN origin.
A compilation of clones (average insert size 976 bp) from the cDNA library 6-8 days post SCN infection (1000 clones) based on similarity to sequences in the GenBank database indicated that 6.7% (67 ESTs) of the clones were moderately similar (10 -5 > E value > 10 -10 ), 10.4% (104 ESTs) were highly similar (10 -10 > E value > 10 -20 ), and 48.2% (482 ESTs) were extremely similar (10 -20 > E value) (Fig. 2 ) sequences, with 34.7% (347 ESTs) having little or no similarity to sequences in GenBank. From the 1000 clones screened from this library, two (0.2%) were found to be significantly similar to SCN sequences. One encoded a ribosomal RNA and the other encoded a protein of unknown function.
Functional classification of ESTs homologous to genes of known function
The abundance of an EST in a cDNA library provides an estimate of the level of expression of the gene, therefore each occurrence of three or more copies of ESTs were tabulated. The most prevalent cDNAs identified in the cDNA library derived from 12-h transcripts were represented in 7 contigs composed of 5 or more ESTs. The 12-h library consisted of 78 contigs and 686 singletons. There were 24 contigs composed of 3 or more ESTs. ESTs with five or more copies in the library were designated as being highly expressed. The contigs comprising the most abundant transcripts include 10 ESTs encoding lipoxygenase, 10 ESTs coding proline-rich protein, 9 ESTs encoding ascorbate Note: Genes representing at least 0.3% of the ESTs from the cDNA library generated from soybean roots 12 h after inoculation with nematodes. The name of the clone as determined by the BLASTx hit of the consensus sequence, the E value, the number of sequences in each contig, and the percentage of each contig relative to the total number of clones analyzed from the library is given in columns. peroxidases, 9 encoding auxin-down-regulated protein (ADR12), and 8 encoding membrane proteins (Table 1) .
ESTs from the cDNA library constructed from roots of 2-and 4-day post-inoculation plants represented 860 singletons and 183 contigs. Of the total contigs, 58 are composed of three or more ESTs. The most abundant ESTs present in the library derived from roots 2-4 days after inoculation included auxin-down-regulated proteins (44 copies), proline-rich protein (33 copies), metallothionein (24 copies), glutathione S-transferase (15 copies), unknown (13 copies), and nodulin-26 (11 copies) ( Table 2 ).
In the library representing genes expressed 6-8 days post SCN infection, there were 741 singletons and 154 contigs, with 44 of the contigs having three or more sequences. ESTs encoding unknown proteins (13 copies), cold-stress protein (13 copies), stress-induced protein (11 copies), and metallothionein (10 copies) were represented more abundantly (Table 3). ESTs representing auxin-down-regulated proteins, which were abundant in the first two libraries, were less abundant in the 6-to 8-day library.
The functions of the ESTs possessing homology to known genes (Fig. 3) indicate genes involved in cellular metabolism, cell structure, cell stress and defense, cell division and growth, signal transduction, and transcription regulation were highly expressed at the three stages of SCN invasion examined. However, approximately 50% of the ESTs in our libraries are of unknown function (Fig. 3) . In fact, over 61% of the ESTs in the 6-to 8-day library could not be assigned a function.
Discussion
Profound changes occur during nematode invasion of the soybean root and formation of the syncytium, including an increase in metabolism, cell-wall dissolution, and proliferation of smooth and rough endoplasmic reticulum and organelles (Endo 1964; Endo 1965; Mahalingam and Skorupska 1996) . Further extensive changes occur when resistant soybean defends itself against the nematode. The incompatible response may include cell hypertrophy, necrosis, nuclear degradation, and increased cell-wall apposition (Endo 1964; Endo 1965; Kim et al. 1987; Mahalingam and Skorupska 1996) .
We compared the abundance of different ESTs in each of our libraries from SCN-infected material with the combined EST distribution from five different uninoculated root libraries (Gm-c1004, Gm-c1033, Gm c1060, Gm-c1081, Gm-c1087) in the soybean EST database. To obtain comparable data we downloaded EST sequences from the five soybean root libraries listed above (a total of 20 005 sequences). Note: Genes representing at least 0.3% of the ESTs from the cDNA library generated from soybean roots 2 and 4 days after inoculation with nematodes. The name of the clone as determined by the BLASTx hit of the consensus sequence, the E value, the number of sequences in each contig, and the percentage of each contig relative to the total number of clones analyzed from the library is given in columns.
These sequences were assembled into contigs, and the consensus sequence for each contig was used in a BLASTn search. The data from this analysis is posted on the Web site http://psi081.ba.ars.usda.gov / SGMD / SequenceDB/soybean_ est_lib.htm. The 21 most abundant ESTs representing 0.3% or higher of total ESTs in the combined normal root libraries are given in Table 4 .
Two ESTs were present at high levels in all three SCN-infected libraries, but not in the normal roots, and were identified as the stress-induced protein SAM22 and glutathione S-transferase (GST). SAM22 was 0.3% of the 12-h library, 0.5% of the 2-to 4-day library, and 1.1% of the 6-to 8-day library, suggesting a continual induction of this stress-induced gene. SAM22 is of unknown function, but has been identified as a stress-induced gene (Crowell et al. 1992 ) that accumulates in senescent leaves, and is induced by wounding, salicylic acid, fungal elicitor, and hydrogen peroxide. GST represented 0.3%-1% of the ESTs from SCN-infected roots and is known to accumulate during fungal infection, senescence, chemical injury (Marrs 1996) , and upon exposure to H 2 O 2 (Tenhaken et al. 1995 Note: Genes representing at least 0.3% of the ESTs from the cDNA library generated from soybean roots 6 and 8 days after inoculation with nematodes. The name of the clone as determined by the BLASTx hit of the consensus sequence, the E value, the number of sequences in each contig, and the percentage of each contig relative to the total number of clones analyzed from the library is given in columns.
and the ESTs we identified most closely resembled GST8, the most abundant type of GST in soybean (McGonigle et al. 2000) . GST8 was present at 0.05% of the total ESTs in the uninoculated roots. GSTs are known to be involved in detoxification of compounds by conjugation with glutathione, especially during periods of plant stress; how- Note: Genes representing 0.3% or more of the total ESTs (20 005) from five soybean root libraries (Gm-c1004, Gm-c1033, Gm-c1060, Gm-c1081, and Gm-c1087) present in the GenBank soybean unigene database. The information about the libraries and the sequences of the ESTs in each library is given at http://www.ncbi.nlm.nih.gov/UniGene/library.cgi?ORG=Gma&LID=1617. Table 4 . List of genes from the pooled GenBank soybean root EST libraries Gm-c1004, Gm-c1033, Gm-c1060, Gm-c1081, and Gm-c1087 representing at least 0.3% of the total pooled ESTs. ever, soybean GSTs commonly conjugate homoglutathione, the predominant soybean thiol, to detoxify compounds (Marrs 1996) and may be involved in detoxification during nematode invasion.
ESTs encoding the cell wall restructuring enzyme, xyloglucan endotransglycosylase, were elevated in SCN-infected roots (0.3% in the 2-to 4-day library) as opposed to 0.084% in the normal roots. This enzyme may be important in restructuring cell walls as the syncytium grows.
Numerous ESTs were present that encoded proteins of unknown function, especially in the 6-to 8-day library. One EST of unknown function was more highly abundant than the others and was 0.9% of the 2-to 4-and 1.3% of the 6-to 8-day library. This EST has high identity with an Arabidopsis thaliana open reading frame, Orf107a, which may provide an opportunity to use the advanced genomics tools developed in Arabidopsis to determine its function.
Peroxidases are believed to be involved in oxidative burst that help detoxify soybean cells and, although ascorbate peroxidase ESTs were present in the uninfected libraries (0.46%), their abundance was greater in the 12-h library (1.0%). ESTs representing another early defense response gene, lipoxygenase, were elevated in the 12-h SCN-infected library (1.1%) relative to 0.45% in the normal root library and is involved in jasmonic acid synthesis.
Four ESTs were common among all of the libraries; ESTs related to ADR12, proline-rich proteins (PRPs), plasma membrane integral protein, Nodulin-26, and ubiquitin were present at or above 0.3% in all three libraries from SCN-infected roots and in the libraries made from uninfected roots, whereas ESTs of Sali 3-2, ascorbate peroxidase, and metallothionein, were found in two of the libraries made from SCN-infected roots and in the libraries from uninfected roots, suggesting their important role in root function, but not necessarily indicating an important role related to nematode invasion.
The largest category of ESTs in all three libraries (Fig. 3 ) represents genes of unknown function. The percent clones belonging to this category are highest in the 6-to 8-day SCN-infected root library. The functions of these clones could provide important insights into the resistance mechanisms during incompatible interactions.
